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However, many of those properties have subsequently been shown 1, 2 to arise from species other than Sc 21 . At the present time, unambiguous identification of Sc 21 in CaF 2 can be obtained only from cryogenic Electron Paramagnetic Resonance (EPR) measurements. Three previous studies have used EPR to confirm the presence of Sc 21 in CaF 2 crystals which had been doped with scandium and then exposed to ionizing radiation. [6] [7] [8] [9] In the early work 7-9 the scandium doping was accomplished by evaporating a film of scandium metal onto a pure CaF 2 crystal surface, and then diffusing it into the bulk at an elevated temperature prior to irradiation. This process is not suitable for production of laserquality optical material. It severely limits the ultimate concentration of Sc 21 and introduces permanent metal colloids which degrade the optical transmission throughout the spectrum. Recent investigators 1, 2, 6 have doped the pure CaF 2 starting material with ScF 3 prior to crystal growth. Trivalent doping levels of 1-2% have been achieved without degrading the optical quality of the crystals. After a subsequent gamma irradiation of 2 Our method utilizes a procedure which we refer to as "Thermo-Chemical Reduction" (TCR) to produce Sc 21 in CaF 2 crystals grown with ScF 3 in the melt. Our TCR method is similar to a technique previously employed in the preparation of "photochromic calcium fluoride." 10 It should be noted that although the authors of Ref. 10 refer to their technique as "additive coloration" (AC), there is a fundamental difference between our TCR method and AC techniques used to produce color centers in alkali halides. 11 The latter are based on the interaction between the alkali halide crystal and the corresponding alkali metal vapor; typical processing temperatures for AC are governed by proximity to the melting point and boiling point of the crystal and the metal, respectively. TCR is based on the interaction between the CaF 2 crystal and a film of metallic calcium evaporated onto the crystal surface. The reaction is performed at a much lower temperature, where the vapor pressure of the calcium metal is negligible. This critical feature of the TCR process has enabled us to achieve high efficiency in conversion of Sc 31 to Sc 21 , without degrading the optical quality of the crystal by formation of metal colloids.
We begin with CaF 2 crystals which have been intentionally doped with trivalent scandium by adding 0.1 -1.0 wt. % to ScF 3 to the high purity CaF 2 starting material prior to crystal growth. All the crystals were grown at OPTOVAC Inc., North Brookfield, MA, using a Bridgman-Stockbarger technique. For approximately commensurate substitution of lattice cations (e.g., Sc 31 , 0.81Å for Ca 21 , 0.99Å), the dopant concentration in the crystal deviates from that in the melt by less than 10%. Thus we did not make explicit determinations of the Sc 31 concentrations in the crystals; we assume that they are equal to the concentrations in their respective melts. Samples 2-3 mm thick are cleaved from the 10 mm diameter crystal boules. The cross sections of the samples range from circular to ellipsoidal depending on the orientation of the cleavage planes in relation to the crystal growth direction. These crystal samples are then subjected to a three-step TCR process in order to reduce as much of the scandium as possible to the divalent state, while avoiding deterioration of the optical quality of the crystal due to colloid formation. The three steps of our TCR process are: (1) purification of encapsulation, (2) evaporation of the metal film and (3) diffusion and reaction at elevated temperature.
In
Step (1) the cleaved crystal sample (approximately 10 mm diameter 2-3 mm thick) and the calcium metal (approximately 1.5 g of redistilled shot, 99.5% purity) are placed in a two-chamber fused silica ampoule (14 mm i.d.). Each chamber of the ampoule is approximately 3 in. long, and the chambers are connected by a constricted section of the tubing ("neck-down") having an i.d., of approximately 5 mm (see Fig. 1 ). The overall length of the finished ampoule is approximately 6 in. The calcium metal is confined to the chamber labeled "M", and the crystal is confined to the chamber labeled "C". Once the materials are loaded into the ampoule as shown in Fig. 1 , the open end of the tube is connected to a vacuum system and evacuated to approximately 10 27 Torr. All parts of the tube, the crystal, and the metal are heated gently with a torch in order to drive off adsorbed moisture and other atmospherics. Next, the calcium metal (chamber M) is heated with the torch to a temperature sufficiently high to drive off volatile impurities. This is detected by a transient pressure rise. When the transient pressure rise has ceased and the system has returned to its base pressure (around 10 27 Torr), the heating is discontinued, and the ampoule is sealed off under vacuum by collapsing the tubing at the open end of chamber C, at a position approximately 3 in. from the neck down. Rather than being "pulled off," the sealed ampoule is left mechanically connected to the tubing "stem" (S), typically about 18 in. long. This enables us to support the ampoule in the processing furnace [Step (3)] without any contact with the furnace walls.
Step (2) the sealed ampoule containing the crystal in chamber C and the purified calcium metal in chamber M is held horizontal. The crystal is manipulated into a position adjacent to the neck-down, where it lies with a cleaved surface facing upward. Chamber M is heated (with a torch) to a high enough temperature to melt the calcium and evaporate a bright metallic film throughout chamber C. The crystal surface is coated with calcium metal by this process.
In
Step (3) the ampoule is transferred to an unheated 12 in. tube furance. The crystal is located in the center of the furance, near the position of zero temperature gradient, and chamber M extends into the cooler region near the end of the furnace tube. The furnace temperature control is set to 725 ± C, and the furnace is turned on. After approximately 20 min, the furnace reaches its equilibrium temperature. The crystal temperature is approximately 725 ± C at equilibrium. The temperature at the sealed end of chamber M is approximately 600 ± C. The furnace is held at this equilibrium temperature for approximately 1 h, in order to permit diffusion of the calcium metal and the consequent reduction reaction which forms the divalent scandium. The furnace is then turned off, and allowed to cool to room temperature over a period of approximately 4 h. The crystal is removed from the ampoule and visually inspected. In some cases there is a thin black layer on the surface of the crystal. The origin and composition of this layer may be associated with impurities in the quartz tubing. The black layer (if present) is removed by polishing, and the interior of the crystal is found to be optically clear. Test pieces are cut from the crystal for evaluation by means of optical and EPR measurements.
After the TCR processing, the concentration of Sc 21 in each sample is determined by measuring its X-band EPR spectrum at 15 K. Typical EPR data are shown in Fig. 2 . Corresponding conversion efficiencies inferred for the TCR process vary between 0.1% and 5%, depending on details of the processing conditions. This represents a fiftyfold improvement over the best results reported for the irradiation method.
We also made EPR measurements on untreated Sc : CaF 2 samples, on undoped CaF 2 samples which had been subjected to the TCR process, and on a 0.1% doped Sc : CaF 2 sample which had been processed under conditions more closely approximating conventional AC. In the latter case we omitted Step (2) (evaporation of the metal film), and we increased the furnace temperature (900-950 ± C) and processing time (12-15 h). This process was indeed effective for production of Sc 21 (about 10% conversion efficiency), but the sample was totally opaque, presumably due to the presence of colloids. All attempts to "clear" crystals prepared in this manner by subsequent heat treatments (dissolving the colloids) were unsuccessful. No Sc 21 EPR signal was detected in any of the undoped or untreated crystals Determination of Sc 21 concentration from cryogenic EPR measurements, albeit straightforward and highly effective, is too tedious and inconvenient to be used as a routine monitor of the TCR process. We would prefer a measurement which is "direct reading" and performed at room temperature using a technique which is readily available in most optical laboratories. An optical absorption band peaking around 295 nm has been observed in all optically clear CaF 2 samples known to contain Sc 21 , including those prepared by the irradiation method.
1,2,6 Figure 3 shows the optical absorption spectrum in a CaF 2 : Sc (1%) crystal which has been subjected to the TCR process; the 295 nm band is clearly the predominant feature. We have used a group of five such TCR crystals, with Sc 21 varying over a factor of thirty, to investigate the possible correlation between the absorption coefficient at 295 nm (a 295 ) and the concentration of Sc 21 . In earlier work 3-5 the 295 nm band had been assumed to be a transition of Sc 21 ; a more recent interpretation 1, 2 suggests that it is due to a color center (V k , hole center) stabilized by the Sc 21 . Regardless of the specific identification of its origin, this band can be used as a concentration monitor as long as it is generated in some fixed proportion to the Sc 21 . In Fig. 4 
